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1
METHOD AND APPARATUS FOR
GENERATING SPANNING TREE, METHOD
AND APPARATUS FOR STEREO MATCHING,
METHOD AND APPARATUS FOR
UP-SAMPLING, AND METHOD AND
APPARATUS FOR GENERATING
REFERENCE PIXEL

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the priority benefit of Korean
Patent Application No. 10-2014-0057176, filed on May 13,
2014, in the Korean Intellectual Property Office, the entire
disclosure of which is incorporated herein by reference.

BACKGROUND

1. Field

Example embodiments of the following description relate
to a method and an apparatus for generating a spanning tree,
a method and an apparatus for stereo matching, a method and
an apparatus for up-sampling, and a method and an apparatus
for generating a reference pixel.

2. Description of the Related Art

In general, computer vision refers to technology for acquir-
ing information through use of an image. For example, tech-
nology for acquiring distance information through use of an
image is referred to as stereo vision.

In stereo matching of a stereo system in which two cameras
are disposed in parallel, detecting corresponding points
between a left image and a right image is performed. To detect
most similar corresponding points, a method for stereo
matching may conduct a comparison on all pixels of the right
image to pixels of the left image, respectively. Through this,
a distance may be determined through the obtained corre-
sponding points.

SUMMARY

The foregoing and/or other aspects are achieved by provid-
ing a method of generating a spanning tree, the method
including receiving information associated with reference
pixels for an input image, and generating the spanning tree
that connects general pixels and the reference pixels included
in the input image based on the information. The reference
pixels may further include additional information when com-
pared to general pixels included in the input image.

Each of the general pixels may include at least one of
intensity information and position information. The addi-
tional information may include at least one of disparity infor-
mation and depth information.

The spanning tree may include a minimum spanning tree
(MST) that connects the general pixels and the reference
pixels included in the input image. The spanning tree may
include a plurality of sub-trees, wherein each of the plurality
of sub-trees comprises pixels having a degree of correlation.

The generating of the spanning tree may include generat-
ing sub-trees to allow the reference pixels to be root nodes,
and connecting the sub-trees by adjusting edge costs amongst
the sub-trees.

The foregoing and/or other aspects are achieved by provid-
ing a method for stereo matching, the method including
receiving a first input image and a second input image for
stereo matching, obtaining a spanning tree that connects pix-
els included in the first input image, calculating accumulated
data costs corresponding to a plurality of candidate disparities
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2

for one of the pixels based on data costs of general pixels from
among the pixels, data costs of reference pixels from among
the pixels, and edge costs of edges included in the spanning
tree, and determining one of the plurality of candidate dis-
parities to be a disparity of the one of the pixels by comparing
the accumulated data costs.

The foregoing and/or other aspects are achieved by provid-
ing a method for up-sampling, the method including obtain-
ing a spanning tree that connects pixels included in an input
image, calculating accumulated data costs corresponding to a
plurality of candidate depths for one of the pixels based on
data costs of reference pixels from among the pixels and edge
costs of edges included in the spanning tree, and determining
one of'the plurality of candidate depths to be a depth of the one
of the pixels by comparing the accumulated data costs.

The foregoing and/or other aspects are achieved by provid-
ing a method of generating a reference pixel, the method
including tracking a first image sequence and a second image
sequence included in a stereo video, and generating reference
pixels for a current frame based on a result of the tracking of
the first image sequence, a result of the tracking of the second
image sequence, and a result of stereo matching in a previous
frame.

The foregoing and/or other aspects are achieved by provid-
ing an apparatus for generating a spanning tree, the apparatus
including a receiver to receive information associated with
reference pixels for an input image, and a generator to gen-
erate the spanning tree that connects general pixels and the
reference pixels included in the input image based on the
information.

The foregoing and/or other aspects are achieved by provid-
ing an apparatus for stereo matching, the apparatus including
a receiver to receive a first input image and a second input
image for stereo matching, an obtainer to obtain a spanning
tree that connects pixels included in the first input image, a
calculator to calculate accumulated data costs corresponding
to a plurality of candidate disparities for one of the pixels
based on data costs of general pixels from among the pixels,
data costs of reference pixels from among the pixels, and edge
costs of edges included in the spanning tree, and a determiner
to determine one of the plurality of candidate disparities to be
a disparity of the one of the pixels by comparing the accumu-
lated data costs.

The foregoing and/or other aspects are achieved by provid-
ing an apparatus for up-sampling, the apparatus including an
obtainer to obtain a spanning tree that connects pixels
included in an input image, a calculator to calculate accumu-
lated data costs corresponding to a plurality of candidate
depths for one of the pixels based on data costs of reference
pixels from among the pixels and edge costs of edges
included in the spanning tree, and a determiner to determine
one of'the plurality of candidate depths to be a depth of the one
of the pixels by comparing the accumulated data costs.

The foregoing and/or other aspects are achieved by provid-
ing an apparatus for generating a reference pixel, the appara-
tus including a tracker to track a first image sequence and a
second image sequence included in a stereo video, and a
generator to generate reference pixels for a current frame
based on a result of the tracking of the first image sequence, a
result of the tracking of the second image sequence, and a
result of stereo matching in a previous frame.

Additional aspects of example embodiments will be set
forth in part in the description which follows and, in part, will
be apparent from the description, or may be learned by prac-
tice of the disclosure.



US 9,401,022 B2

3
BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of
example embodiments, taken in conjunction with the accom-
panying drawings of which:

FIG. 1 illustrates a reference pixel according to example
embodiments;

FIG. 2 illustrates reference pixels including disparity infor-
mation according to example embodiments

FIG. 3 illustrates reference pixels including depth informa-
tion according to example embodiments;

FIGS. 4 through 16 illustrate generation of a spanning tree
using a reference pixel according to example embodiments;

FIGS. 17 and 18 illustrate an operation of stereo matching
or an operation of up-sampling using a spanning tree accord-
ing to example embodiments;

FIGS. 19 and 20 illustrate generation of a reference pixel
using a stereo video according to example embodiments;

FIGS. 21 through 25 are flowcharts illustrating an opera-
tion according to example embodiments; and

FIGS. 26 through 29 are block diagrams according to
example embodiments.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
with reference to the accompanying drawings. Many alter-
nate forms may be embodied and example embodiments
should not be construed as limited to example embodiments
set forth herein. In the drawings, like reference numerals refer
to like elements.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of example embodi-
ments. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (e.g.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises,”
“comprising,” “includes” and/or “including,” when used
herein, specity the presence of stated features, integers, steps,
operations, elements and/or components, but do not preclude
the presence or addition of one or more other features, inte-
gers, steps, operations, elements, components and/or groups
thereof.

Unless specifically stated otherwise, or as is apparent from
the discussion, terms such as “processing” or “computing” or
“calculating” or “determining” or “displaying” or the like,
refer to the action and processes of a computer system, or
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similar electronic computing device, that manipulates and
transforms data represented as physical, electronic quantities
within the computer system’s registers and memories into
other data similarly represented as physical quantities within
the computer system memories or registers or other such
information storage, transmission or display devices.

Specific details are provided in the following description to
provide a thorough understanding of example embodiments.
However, it will be understood by one of ordinary skill in the
artthat example embodiments may be practiced without these
specific details. For example, systems may be shown in block
diagrams so as not to obscure the example embodiments in
unnecessary detail. In other instances, well-known processes,
structures and techniques may be shown without unnecessary
detail in order to avoid obscuring example embodiments.

In the following description, illustrative embodiments will
be described with reference to acts and symbolic representa-
tions of operations (e.g., in the form of flow charts, flow
diagrams, data flow diagrams, structure diagrams, block dia-
grams, etc.) that may be implemented as program modules or
functional processes include routines, programs, objects,
components, data structures, etc., that perform particular
tasks or implement particular abstract data types and may be
implemented using existing hardware in existing electronic
systems (e.g., a 3D display device). Such existing hardware
may include one or more Central Processing Units (CPUs),
digital signal processors (DSPs), application-specific-inte-
grated-circuits, field programmable gate arrays (FPGAs)
computers or the like.

Although a flow chart may describe the operations as a
sequential process, many of the operations may be performed
in parallel, concurrently or simultaneously. In addition, the
order of the operations may be re-arranged. A process may be
terminated when its operations are completed, but may also
have additional steps not included in the figure. A process
may correspond to a method, function, procedure, subroutine,
subprogram, etc. When a process corresponds to a function,
its termination may correspond to a return of the function to
the calling function or the main function.

As disclosed herein, the term “storage medium”, “com-
puter readable storage medium” or “non-transitory computer
readable storage medium” may represent one or more devices
for storing data, including read only memory (ROM), random
access memory (RAM), magnetic RAM, core memory, mag-
netic disk storage mediums, optical storage mediums, flash
memory devices and/or other tangible machine readable
mediums for storing information. The term “computer-read-
able medium” may include, but is not limited to, portable or
fixed storage devices, optical storage devices, and various
other mediums capable of storing, containing or carrying
instruction(s) and/or data.

Furthermore, example embodiments may be implemented
by hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof.
When implemented in software, firmware, middleware or
microcode, the program code or code segments to perform the
necessary tasks may be stored in a machine or computer
readable medium such as a computer readable storage
medium. When implemented in software, a processor or pro-
cessors may be programmed to perform the necessary tasks,
thereby being transformed into special purpose processor(s)
or computer(s). Example embodiments of the following dis-
closure may find various applications in processing of a stereo
image, a multi-view image, a light field image, or a depth
image, and be employed in three-dimensional (3D) modeling
or a user interface.
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Reference Pixel According to Example Embodiments

FIG. 1 illustrates a reference pixel according to example
embodiments. Referring to FIG. 1, an image 100 includes a
plurality of pixels. The plurality of pixels may include infor-
mation representing the image 100. For example, the infor-
mation representing the image 100 may be intensity informa-
tion. When the image 100 is a color image, each of the
plurality of pixels may include (R, G, B) information.

Each of the plurality of pixels included in the image 100
may be identified by coordinates in the image 100, and indi-
cated by a unique index.

For example, when the image 100 includes pixels in a form
of'a 4x4 matrix, a pixel disposed at a first column of a first row
is indicated by an index “1”, a pixel disposed at a second
column of the first row is indicated by an index “2”, a pixel
disposed at a third column of the first row is indicated by an
index “3”, and a pixel disposed at a fourth column of the first
row is indicated by an index “4”. A pixel disposed at the first
column of a second row is indicated by an index “5”, a pixel
disposed at a second column of the second row is indicated by
an index “6”, a pixel disposed at a third column of the second
row is indicated by an index “7”, and a pixel disposed at a
fourth column of the second row is indicated by an index “8”.
Inthis example, a pixel disposed at a fourth column of a fourth
row is indicated by an index “16”.

Coordinates of a corresponding pixel may be simply sub-
stituted for an index indicating a predetermined and/or
selected pixel because the index indicating the predetermined
and/or selected pixel corresponds to the coordinates of the
corresponding pixel in a one-to-one relationship. In this
sense, the plurality of pixels included in the image 100 may
include position information.

A portion of the plurality of pixels included in the image
100 may further include additional information when com-
pared to a remainder of the plurality of pixels. For example, a
pixel 110, a pixel 120, a pixel 130, and a pixel 140 may further
include additional information when compared to the other
remaining pixels. In the following descriptions herein, unless
otherwise indicated, a pixel including general information
associated with an image is referred to as a general pixel, and
a pixel further including additional information when com-
pared to the general pixel is referred to as a reference pixel. In
this example, the general information may include intensity
information and position information.

The additional information may be information addition-
ally representing the image 100 disposed at a reference pixel
in the image 100. For example, the pixel 110, the pixel 120,
the pixel 130, and the pixel 140 may be reference pixels
included in the image 100, and further include depth infor-
mation and disparity information when compared to general
pixels. Further descriptions pertaining to the depth informa-
tion and the disparity information will be provided in greater
detail with reference to the following example embodiments.

Additional information corresponding to a position of a
reference pixel may be predetermined and/or selected in vari-
ous manners. As an example, the additional information may
be calculated by performing a more precise and complex
algorithm corresponding to the position of the reference
pixel. As another example, the additional information may be
obtained by extracting a result with a relatively high reliabil-
ity from among results of calculating an algorithm of greater
efficiency. As still another example, the additional informa-
tion may be obtained using a sensor to measure additional
information corresponding to a position of a reference pixel.
As further another example, when an image corresponds to
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any one of a plurality of frames in series, the additional
information may be estimated based on information on a
previous frame.

The additional information included in the reference pixel
may be adopted in processing of the image 100. As will be
described later, additional information corresponding to a
position of a general pixel may be generated based on the
additional information included in the reference pixel. For
example, stereo matching may be performed using the refer-
ence pixel, or up-sampling of a depth image may be per-
formed using the reference pixel. Further descriptions per-
taining to the stereo matching and the up-sampling of the
depth image will be provided in greater detail with reference
to the following example embodiments.

FIG. 2 illustrates reference pixels including disparity infor-
mation according to example embodiments. Referring to
FIG. 2, an image 200 is a stereo image. The image 200
includes a first image 210 corresponding to a left eye and a
second image 220 corresponding to a right eye.

The image 200 may be generated by a stereo camera. The
stereo camera may include two cameras spaced apart by a
predetermined and/or desired distance in parallel, such as
both eyes of a person. The two cameras may photograph an
identical scene or an identical object simultaneously. A cam-
era corresponding to a left eye may generate the first image
210 corresponding to the left eye, and a camera correspond-
ing to a right eye may generate the second image 220 corre-
sponding to the right eye.

In this example, additional information corresponding to a
position of a portion of a plurality of pixels included in the
first image 210 and the second image 220 may be pre-pro-
vided. As previously described, a portion of pixels provided
with additional information is referred to as a reference pixel.
For example, the first image 210 includes a reference pixel
211, a reference pixel 212, a reference pixel 213, and a ref-
erence pixel 214. The second image 220 includes a reference
pixel 221, a reference pixel 222, a reference pixel 223, and a
reference pixel 224.

The reference pixels included in the first image 210 and the
second image 220 may each include disparity information.
The disparity information may refer to information indicating
a degree of binocular disparity. For ease of understanding of
the disparity information, brief description of a method for
stereo matching will be discussed from among methods of
processing a stereo image.

The method for stereo matching may refer to a method of
matching an image corresponding to a left eye and an image
corresponding to a right eye. At least a portion of pixels
included in the image corresponding to the left eye may match
at least a portion of pixels included in the image correspond-
ing to the right eye because the image corresponding to the
left eye and the image corresponding to the right eye are
obtained by simultaneously photographing the identical
scene or the identical object. For example, two matching
pixels may correspond to an identical point of a real scene or
a real object.

When a stereo image is assumed to be generated by two
cameras disposed in parallel, two matching pixels may have
an identical coordinate value in a y axis direction, and a
different coordinate value in an x axis direction. In this
example, a difference between x axis coordinate values of the
two matching pixels may indicate a degree of binocular dis-
parity.

The reference pixel 211 included in the first image 210
matches the reference pixel 221 included in the second image
220. In this example, disparity information of the reference
pixel 211 may be a value obtained by subtracting an x axis
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coordinate value of the reference pixel 221 from an x axis
coordinate value of the reference pixel 211. Disparity infor-
mation of the reference pixel 221 may be a value obtained by
subtracting the x axis coordinate value of the reference pixel
211 from the x axis coordinate value of the reference pixel
221.

The reference pixel 212, the reference pixel 213, and the
reference pixel 214 included in the first image 210 may match
the reference pixel 222, the reference pixel 223, and the
reference pixel 224 included in the second image 220. In this
example, the reference pixel 212, the reference pixel 213, and
the reference pixel 214 may each include disparity informa-
tion. The reference pixel 222, the reference pixel 223, and the
reference pixel 224 may each include disparity information.

As will be described later, disparity information corre-
sponding to a position of a general pixel may be generated
based on the disparity information included in the reference
pixel. For example, stereo matching may be performed using
the reference pixel. Concisely, a plurality of pieces of candi-
date disparity information corresponding to a predetermined
and/or selected general pixel may exist, and disparity infor-
mation of the corresponding general pixel may be determined
using a reference pixel from among the plurality of pieces of
candidate disparity information.

FIG. 3 illustrates reference pixels including depth informa-
tion according to example embodiments. Referring to FIG. 3,
an image 300 is an image obtained by combining a high
resolution color image and a low resolution depth image. The
depth image may be generated by a depth camera. A plurality
of pixels included in the depth image may include depth
information.

The depth information may include a distance between the
depth camera and an object photographed by the depth cam-
era. The plurality of pixels included in the depth image may
correspond to differing points of the object. Depth informa-
tion of a predetermined and/or selected pixel may be a dis-
tance between a point corresponding to the pixel and the
depth camera.

When the high resolution color image and the low resolu-
tion depth image are combined, the plurality of pixels
included in the depth image may correspond to a portion of a
plurality of pixels included in the color image. In this
example, depth information corresponding to a position of the
portion of the plurality of pixels included in the color image
may be provided by the depth image.

For example, depth information corresponding to positions
of'a portion of pixels 301, 302, 303, 304, 305, 306, 307, 308,
309, 310, 311, and 312 from among a plurality of pixels
included in the image 300 may be provided by the depth
image. In this example, the portion of pixels 301, 302, 303,
304, 305, 306, 307, 308, 309, 310, 311, and 312 may be
reference pixels because the portion of pixels 301, 302, 303,
304, 305, 306, 307, 308, 309, 310, 311, and 312 further
includes the depth information when compared to a remain-
der of the pixels.

As will be described later, depth information correspond-
ing to a position of a general pixel may be generated based on
the depth information included in the reference pixel. For
example, up-sampling of the depth image may be performed
using the reference pixel. Concisely, a plurality of pieces of
candidate depth information may exist corresponding to a
predetermined and/or selected general pixel, and depth infor-
mation of the corresponding general pixel may be determined
using a reference pixel from among the plurality of pieces of
candidate depth information.
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Spanning Tree According to Example Embodiments

Hereinafter, descriptions pertaining to a method of pro-
cessing an image using a reference pixel according to
example embodiments will be provided. Referring to FIG. 1,
the pixel 110, the pixel 120, the pixel 130, and the pixel 140
included in the image 100 may further include additional
information. According to example embodiments, a spanning
tree may be generated to generate additional information
corresponding to a position of a general pixel using additional
information included in a reference pixel. The spanning tree
may refer to a portion of a connected, undirected graph, and a
tree that connects all nodes of the connected, undirected
graph.

As will be described later, the generated spanning tree may
be used to rapidly and precisely propagate the additional
information included in the reference pixel to the general
pixel. Reliable additional information included in the refer-
ence pixel may be propagated to calculate unknown addi-
tional information corresponding to the position of the gen-
eral pixel because the additional information included in the
reference pixel is pre-provided reliable information. In the
following descriptions herein, unless otherwise indicated, a
reference pixel is referred to as a ground control point (gcp),
and a general pixel is referred to as a non-ground control point
(non-gep).

The generated spanning tree may be a minimum spanning
tree (MST). For example, a plurality of spanning trees may
exist in a single graph. The MST may refer to a spanning tree
having a minimum cost from among the plurality of spanning
trees when a cost is given to each edge of the graph. Also, the
MST may be referred to as a minimum cost spanning tree.

A method of generating a spanning tree according to
example embodiments may be performed over two opera-
tions. For example, a plurality of sub-trees may be generated,
and a spanning tree may be generated using the plurality of
sub-trees.

For ease of description, it is assumed that general informa-
tion included in a general pixel is intensity information, and
additional information further included in a reference pixel is
disparity information. However, it should be understood that
these example embodiments are not construed as limited to
the above instance, and may include an instance in which the
general pixel or the reference pixel includes other informa-
tion.

Sub-trees may be generated based on an algorithm repre-
sented by Table 1. An input of the algorithm of Table 1 may
include an input image and “gcps™ for the input image. An
output of the algorithm of Table 1 may include a plurality of
sub-trees.

TABLE 1

1. Construct a graph on an image by connecting all neighboring
pixels with edges with weights 1T, - L.
2. Sort the edges in ascending order of their weights.
3. Visiting the edges do the following
1. If one of root(u) and root(v) is a gep
If 1T, - L) <min(Th/(u), Th(v)), join u and v, and set the parent
node to the gep. Update Th.
2. Ifnone of root(u) and root(v) is a gep
If 1T, - Il <min(Th(u), Th(v)), join u and v, and set the parent
node so that the level of the tree will be lower. Update Th.
3. Ifboth of root(u) and root(v) are geps
Do not join the tree.
As aresult, a set of subtrees with their roots either geps or non-geps are
constructed.

In Table 1, I,, denotes intensity information of a pixel “u”,
and 1, denotes intensity information of a pixel “v”. A weight
denotes a cost of an edge. Root(u) denotes a root node of a



US 9,401,022 B2

9

sub-tree to which the pixel “u” belongs, and root(v) denotes a
root node of a sub-tree to which the pixel “v” belongs. Th(u)
denotes a threshold cost of the sub-tree to which the pixel “u”
belongs, and Th(v) denotes a threshold cost of the sub-tree to
which the pixel “v” belongs. The threshold cost may be pre-
determined and/or selected. For example, a threshold cost
may be set equally for all sub-trees. Alternatively, a threshold
cost may be set differently for each of the sub-trees based on
a type of a root node of a corresponding sub-tree.

Each of the generated sub-trees may be classified as a
single area connected to a corresponding root. When a root
node of a predetermined and/or selected sub-tree is a “gcp”,
the root node of the corresponding sub-tree may include
intensity information, position information, and disparity
information. When a root node of a predetermined and/or
selected sub-tree is a “non-gcp”, the root node of the corre-
sponding sub-tree may include intensity information and
position information. Information included in the root node of
the predetermined and/or selected sub-tree may be used as
information that represents the corresponding sub-tree.

An MST may be generated based on an algorithm repre-
sented by Table 2. An input of the algorithm of Table 2 may
include an input image, “gcps” for the input image, and the
plurality of sub-trees generated based on the algorithm of
Table 1. An output of the algorithm of Table 2 may be an MST
that covers a whole of the input image.

TABLE 2

1. Calculate weights for edges between roots of subtrees.
2. Sort the edges in ascending order of their weights.
3. Visiting edges, do the following
1. Ifthe edge connects two gep-rooted subtrees
If I, - Il <min(Th(u), Th(v)) and/or Id,, - d | <
min(Th(u), Th,(v)), join the subtrees, and set the parent node so
that the level of the tree will be lower.
Otherwise, join the subtrees, and penalize the edge weight
with a value T.
2. Ifthe edge connects heterogeneous subtrees or non-gep-rooted
subtrees
Join the subtrees, and penalize the weight with a value T.
As a result, a minimum spanning tree is constructed.

In Table 2, du denotes disparity information of the pixel
“u”, and dv denotes disparity information of the pixel “v”.
Thd(u) denotes a disparity information threshold cost of the
sub-tree to which the pixel “u” belongs, and Thd(v) denotes a
disparity information threshold cost of the sub-tree to which
the pixel “v” belongs.

Hereinafter, further descriptions pertaining to the algo-
rithm of Table 1 and the algorithm of Table 2 will be provided
in greater detail referring to FIGS. 4 through 16. Referring to
FIG. 4, an image 400 according to example embodiments
includes pixels in a form of a 4x4 matrix. As previously
described, each of the pixels included in the image 400 may
be indicated by a unique index. In the following descriptions
herein, unless otherwise indicated, a pixel “idx”, being a
positive integer, may refer to a pixel indicated by an index
“idx”.

For example, a pixel 4, a pixel 5, a pixel 12, and a pixel 13
from among the pixels included in the input image 400 may
be reference pixels, and a remainder of the pixels may be
general pixels. The input image 400 may be largely divided
into three areas. For example, the input image 400 may
include a first object corresponding to a first area 410 and a
second object corresponding to a second area 420. A third
area 430 may correspond to a background.

Referring to FIG. 5, a graph 500 according to example
embodiments may be a graph including nodes corresponding
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to the pixels included in the input image 400 of FIG. 4. In step
1 of the algorithm of Table 1, neighboring pixels in the graph
500 may be connected to one another. The neighboring pixels
may be determined in various manners.

For example, neighboring pixels of a predetermined and/or
selected pixel may be determined to be up, down, left, and
right neighboring pixels with the corresponding pixel. Alter-
natively, neighboring pixels of a predetermined and/or
selected pixel may be determined to be up, down, left, right,
or diagonal neighboring pixels with the corresponding pixel.
Still alternatively, neighboring pixels of a predetermined and/
or selected pixel may be determined to be all remaining pixels
aside from the corresponding pixel. Hereinafter, for ease of
description, it is assumed that the neighboring pixels of the
predetermined and/or selected pixel are up, down, left, and
right neighboring pixels with the corresponding pixel.

In step 1 of the algorithm of Table 1, a cost amongst the
neighboring pixels in the graph 500 may be calculated. The
cost amongst the neighboring pixels is calculated in various
manners. For example, the cost amongst the neighboring
pixels may be calculated based on intensity information of the
neighboring pixels. Alternatively, the cost amongst the neigh-
boring pixels may be calculated based on intensity informa-
tion and position information of the neighboring pixels. Here-
inafter, for ease of description, it is assumed that the cost
amongst the neighboring pixels is calculated to be an absolute
value of an intensity difference amongst the neighboring pix-
els.

Pixels included in the graph 500 may be largely divided
into three areas. For example, a first area 510 may correspond
to the first area 410 of FIG. 4, a second area 520 may corre-
spond to the second area 420 of FIG. 4, and a third area 530
may correspond to the third area 430 of FIG. 4.

A cost amongst neighboring pixels belonging to the same
area may be lower than a cost amongst neighboring pixels
belonging to differing areas. Referring to FIG. 6, in step 2 of
the algorithm of Table 1, edges included in the graph 500 may
be sorted in an ascending order of a cost. For example, a cost
of'an edge connecting a pixel 11 and a pixel 15 may be lowest,
and a cost of an edge connecting a pixel 6 and a pixel 7 may
be highest from among edges included in the graph 500.

Referring to FIG. 7, in step 3 of the algorithm of Table 1, the
edges are visited as sorted in the ascending order. For
example, the edge connecting the pixel 11 and the pixel 15
may be visited first. In step 3-2 of the algorithm of Table 1, an
edge cost and a threshold cost may be compared because the
pixel 11 and the pixel 15 are both “non-gcps”. In the follow-
ing descriptions herein, unless otherwise indicated, the edge
cost may refer to a cost amongst neighboring pixels, and the
threshold cost may refer to a relatively low threshold cost
from among threshold costs of a sub-tree to which each of the
neighboring pixels belongs.

Hereinafter, for ease of description, it is assumed that a cost
amongst neighboring pixels belonging to the same area is
lower than a threshold cost, and a cost amongst neighboring
pixels belonging to differing areas is higher than a threshold
value. In step 3-2 of the algorithm of Table 1, the pixel 11 and
the pixel 15 may be connected because the pixel 11 and the
pixel 15 belong to the same area 530.

When neighboring pixels are connected, a threshold cost of
a sub-tree to be generated may be updated. For example, the
threshold cost of the sub-tree to be generated may be updated
based on a threshold cost of each of the neighboring pixels
prior to the connection. However, descriptions pertaining to
the updating of the threshold cost will be omitted hereinafter
because it is assumed that a cost amongst neighboring pixels
belonging to the same area is lower than a threshold cost, and
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a cost amongst neighboring pixels belonging to differing
areas is higher than a threshold cost.

When all neighboring pixels are “non-gcps™, a root node
may be selected to allow a level of a sub-tree to be generated
to be lower subsequent to being connected. When the level of
the sub-tree to be generated is identical for any one selected
from among the neighboring pixels, a pixel having a smaller
index or a pixel having a greater index may be selected, or any
one pixel may be arbitrarily selected. Hereinafter, for ease of
description, it is assumed that a pixel having a smaller index
is selected when the level of the sub-tree to be generated is
identical for any one selected from among the neighboring
pixels. In this example, the pixel 11 may be selected to be a
root node.

An edge connecting a pixel 1 and a pixel 2 may be visited.
In step 3-2 of the algorithm of Table 1, an edge cost and a
threshold cost may be compared because the pixel 1 and the
pixel 2 are both “non-gcps”. In step 3-2 of the algorithm of
Table 1, the pixel 1 and the pixel 2 may be connected because
the pixel 1 and the pixel 2 belong to the same area 510. The
pixel 1 may be selected to be a root node because the level of
the sub-tree to be generated is identical for any one selected
from among the neighboring pixels.

An edge connecting a pixel 8 and the pixel 12 may be
visited. In step 3-1 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 8 is
a “non-gep” and the pixel 12 is a “gep”. In step 3-1 of the
algorithm of Table 1, the pixel 8 and the pixel 12 may be
connected because the pixel 8 and the pixel 12 belong to the
same area 520. When one of the neighboring pixels is a “gcp”,
the “gep” pixel may be selected to be a root node of a sub-tree
to be generated. In this example, the pixel 12 may be selected
to be the root node.

An edge connecting the pixel 7 and the pixel 8 may be
visited. In step 3-1 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 7 is
a“‘non-gep” and the pixel 12, for example, the root node of the
sub-tree to which the pixel 8 belongs is a “gep”. In step 3-1 of
the algorithm of Table 1, the pixel 7 and the pixel 8 may be
connected because the pixel 7 and the pixel 8 belong to the
same area 520. The pixel 12 may be selected to be a root node
because the pixel 12, for example, the root node of the sub-
tree to which the pixel 8 belongs is a “gcp”.

An edge connecting the pixel 2 and the pixel 6 may be
visited. In step 3-2 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 1, for
example, a root node of'a sub-tree to which the pixel 2 belongs
is a “non-gep” and the pixel 6 is a “non-gep”. In step 3-2 of the
algorithm of Table 1, the pixel 2 and the pixel 6 may be
connected because the pixel 2 and the pixel 6 belong to the
same area 510. The pixel 1 having a smaller index may be
selected to be a root node because a level of a sub-tree to be
generated is identical for any one selected from the pixel 1, for
example, the root node of the sub-tree to which the pixel 2
belongs and the pixel 6.

An edge connecting a pixel 10 and the pixel 11 may be
visited. In step 3-2 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 10 is
a “non-gep” and the pixel 11, for example, a root node of a
sub-tree to which the pixel 11 belongs is a “non-gcp”. In step
3-2 of the algorithm of Table 1, the pixel 10 and the pixel 11
may be connected because the pixel 10 and the pixel 11
belong to the same area 530. The pixel 11 may be selected to
be a root node because a level of a sub-tree to be generated is
lower when the pixel 11, for example, the root node of a
sub-tree to which the pixel 11 belongs is selected to be the root
node.
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An edge connecting the pixel 15 and a pixel 16 may be
visited. In step 3-2 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 11,
for example, a root node of a sub-tree to which the pixel 15
belongs is a “non-gcp” and the pixel 16 is a “non-gep”. In step
3-2 of the algorithm of Table 1, the pixel 15 and the pixel 16
may be connected because the pixel 15 and the pixel 16
belong to the same area 530. The pixel 11 may be selected to
be a root node because a level of a sub-tree to be generated is
lower than the level of the sub-tree to be generated by select-
ing the pixel 16 to be the root node.

An edge connecting the pixel 9 and the pixel 13 may be
visited. In step 3-1 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 9 is
a “non-gep” and the pixel 13 is a “gep”. In step 3-1 of the
algorithm of Table 1, the pixel 9 and the pixel 13 may be
connected because the pixel 9 and the pixel 13 belong to the
same area 510. The pixel 13 may be selected to be a root node
because the pixel 13 is a “gecp”.

An edge connecting the pixel 5 and the pixel 9 may be
visited. In step 3-3 of the algorithm of Table 1, the pixel 5 and
the pixel 9 may not be connected because the pixel 5 is a “gcp”
and the pixel 13, for example, a root node of a sub-tree to
which the pixel 9 belongs is a “gecp”.

An edge connecting the pixel 1 and the pixel 5 may be
visited. In step 3-1 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 1, for
example, a root node of'a sub-tree to which the pixel 1 belongs
is a “non-gcp” and the pixel 5 is a “gep”. In step 3-1 of the
algorithm of Table 1, the pixel 1 and the pixel 5 may be
connected because the pixel 1 and the pixel 5 belong to the
same area 510. The pixel 5 may be selected to be a root node
because the pixel 5 is a “gcp”.

An edge connecting a pixel 3 and the pixel 4 may be visited.
In step 3-1 of the algorithm of Table 1, an edge cost and a
threshold cost may be compared because the pixel 3 is a
“non-gcp” and the pixel 4 is a “gep”. In step 3-1 of the
algorithm of Table 1, the pixel 3 and the pixel 4 may be
connected because the pixel 3 and the pixel 4 belong to the
same area 520. The pixel 4 may be selected to be a root node
because the pixel 4 is a “gcp”.

An edge connecting the pixel 5 and the pixel 6 may be
visited. The pixel 5 and the pixel 6 may not be connected
because the pixel 5 and the pixel 6 belong to the same sub-
tree. A requirement may include a spanning tree correspond-
ing to a tree which does not have a cyclic path.

An edge connecting the pixel 10 and a pixel 14 may be
visited. In step 3-2 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 11,
for example, a root node of a sub-tree to which the pixel 10
belongs is a “non-gep” and the pixel 14 is a “non-gep”. In step
3-2 of the algorithm of Table 1, the pixel 10 and the pixel 14
may be connected because the pixel 10 and the pixel 14
belong to the same area 530. The pixel 11 may be selected to
be a root node because a level of a sub-tree to be generated is
lower than the level of the sub-tree to be generated by select-
ing the pixel 14 to be the root node.

An edge connecting the pixel 3 and the pixel 7 may be
visited. In step 3-3 of the algorithm of Table 1, the pixel 3 and
the pixel 7 may not be connected because the pixel 4, for
example, a root node of'a sub-tree to which the pixel 3 belongs
is a “gep” and the pixel 12, for example, a root node of a
sub-tree to which the pixel 7 belongs is a “gcp”.

An edge connecting the pixel 4 and the pixel 8 may be
visited. In step 3-3 of the algorithm of Table 1, the pixel 4 and
the pixel 8 may not be connected because the pixel 4, for
example, a root node of'a sub-tree to which the pixel 4 belongs
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is a “gep” and the pixel 12, for example, a root node of a
sub-tree to which the pixel 8 belongs is a “gep”.

An edge connecting the pixel 14 and the pixel 15 may be
visited. The pixel 14 and the pixel 15 may not be connected
because the pixel 14 and the pixel 15 belong to the same
sub-tree.

An edge connecting the pixel 9 and the pixel 10 may be
visited. In step 3-1 of the algorithm of Table 1, an edge cost
and a threshold cost may be compared because the pixel 13,
for example, a root node of a sub-tree to which the pixel 9
belongs is a “gcp” and the pixel 11, for example, a root node
of'a sub-tree to which the pixel 10 belongs is a “non-gecp”. In
step 3-1 of the algorithm of Table 1, the pixel 9 and the pixel
10 may not be connected because the pixel 9 belongs to the
first area 510 and the pixel 10 belong to the third area 530.

Edges to be visited subsequently may not be connected
because all costs of the edges to be visited subsequently are
higher than threshold costs. Referring to FIG. 8, five sub-trees
810, 820, 830, 840, and 850 are generated as a result of
performing the algorithm of Table 1.

Referring to FIG. 9, in step 1 of the algorithm of Table 2,
costs for edges between root nodes are calculated. For
example, costs for edges between neighboring root nodes
may be calculated, or costs for all edges between any root
nodes may be calculated. Hereinafter, descriptions pertaining
to the calculating of the costs for all of the edges between any
root nodes will be provided. A k-dimensional (k-d) tree may
be used to visit an edge between non-neighboring root nodes.

Costs for edges between root nodes may be calculated in
various manners. For example, a cost between a “gcp” root
node and a “gcp” root node may be calculated based on at
least one of intensity information, position information, and
disparity information. A cost between a “non-gcp” root node
and a “gcp” root node may be calculated based on at least one
of intensity information and position information. A cost
between a “non-gep” root node and a “non-gep” root node
may be calculated based on at least one of intensity informa-
tion and position information.

Referring to FIG. 10, in step 2 of the algorithm of Table 2,
edges between root nodes may be sorted in an ascending order
of'a cost. For example, a cost between a pixel 4, for example,
a root node of the first sub-tree 810 and a pixel 12, for
example, a root node of the fourth sub-tree 840 may be lowest.
A cost between the pixel 4, for example, the root node of the
first sub-tree 810 and a pixel 11, for example, a root node of
the third sub-tree 830 may be highest.

Referring to FIG. 11, in step 3 of the algorithm of Table 2,
edges may be visited as sorted in the ascending order. For
example, an edge connecting a pixel 4 and a pixel 12 may be
visited first. In step 3-1 of the algorithm of Table 2, an edge
cost and a threshold cost may be compared because the pixel
4 and the pixel 12 are both “gcps”. In the following descrip-
tions herein, unless otherwise indicated, the edge cost may
refer to a cost of a visited edge, and the threshold cost may
refer to a relatively low threshold cost between threshold
costs of sub-trees to which the root nodes belong, respec-
tively. The edge cost and the threshold cost may be associated
with at least one of intensity information, position informa-
tion, and disparity information.

Hereinafter, for ease of description, it is assumed that a cost
between root nodes belonging to the same area is lower than
a threshold cost, and a cost between root nodes belonging to
differing areas is higher than a threshold value. In step 3-1 of
the algorithm of Table 2, the pixel 4 and the pixel 12 may be
connected because the pixel 4 and the pixel 12 belong to the
same area 520. The pixel 12 may be selected to be a root node
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because a level of a sub-tree to be generated is lower when the
pixel 12 is selected to be the root node.

Referring to FIG. 12, an edge connecting a pixel 5 and a
pixel 13 may be visited. In step 3-1 of the algorithm of Table
2,an edge cost and a threshold cost may be compared because
the pixel 5 and the pixel 13 are both “gcps™. In step 3-1 of the
algorithm of Table 2, the pixel 5 and the pixel 13 may be
connected because the pixel 5 and the pixel 13 belong to the
same area 510. The pixel 5 may be selected to be a root node
because a level of a sub-tree to be generated is lower when the
pixel 5 is selected to be the root node.

An edge connecting a pixel 11 and the pixel 13 may be
visited. However, the pixel 11 and the pixel 13 may not be
connected because the pixel 13 is no longer a root node. An
edge connecting a pixel 4 and the pixel 5 are visited. However,
the pixel 4 and the pixel 5 may not be connected because the
pixel 4 is no longer a root node. An edge connecting a pixel 12
and the pixel 13 may be visited. However, the pixel 12 and the
pixel 13 may not be connected because the pixel 13 is no
longer a root node.

Referring to FIG. 13, an edge connecting a pixel 5 and a
pixel 11 may be visited. In step 3-2 of the algorithm of Table
2, the pixel 5 and the pixel 11 may be connected because the
pixel 5 is a “gep” and the pixel 11 is a “non-gep”. In step 3-2
of'the algorithm of Table 2, an edge cost and a threshold cost
need not be compared, and a cost of the edge connecting the
pixel 5 and the pixel 11 may be penalized because a sub-tree
having a “gcp” root and a sub-tree having a “non-gcp” root
belong to differing areas based on a result of performing the
algorithm of Table 1. The pixel 5 may be selected to be a root
node because a level of a sub-tree to be generated is lower
when the pixel 5 is selected to be the root node.

Referring to FIG. 14, an edge connecting a pixel 5 and a
pixel 12 may be visited. In step 3-1 of the algorithm of Table
2,an edge cost and a threshold cost may be compared because
the pixel 5 and the pixel 12 are both “gcps™. In step 3-1 of the
algorithm of Table 2, a cost of the edge connecting the pixel 5
and the pixel 12 may be penalized because the pixel 5 belongs
to the first area 510 and the pixel 12 belongs to the second area
520. The pixel 5 may be selected to be a root node because a
level of a sub-tree to be generated is lower when the pixel 5 is
selected to be the root node.

Referring to FIG. 15, a spanning tree 1500 is generated as
a result of performing the algorithm of Table 2. The spanning
tree 1500 corresponds to a tree 1400 of FIG. 14.

Hereinafter, descriptions pertaining to a process of per-
forming the algorithm of Table 1 and the algorithm of Table 2
will be provided referring to FIG. 16. A first sub-tree 1610, a
second sub-tree 1620, a third sub-tree 1630, and a fourth
sub-tree 1640 may be generated based on the algorithm of
Table 1. In this example, the sub-trees may be generated to
allow a single sub-tree to include, at most, a single “gcp”.

Root nodes of the sub-trees may be connected based on the
algorithm of Table 2. In this example, a cost of an edge, for
example, an edge 1615, connecting a “gcp” and a “gcp” may
be calculated based on at least one of intensity information,
position information, and disparity information. For
example, the cost of the edge connecting a “gcp™ and a “gcp”
may be calculated based on any one of Equation 1, Equation
2, Equation 3, Equation 4, Equation 5, and Equation 6. Also,
various modifications may be made to a manner of calculating
the cost of the edge connecting a “gcp” and a “gep”.

Va2 trr B Ao d P U LY

[Equation 1]
alX,-X,|+Bld ~d,|l+y[~1, [Equation 2]
\/I?)z(du_dv)z-"yz(lu_lv)z [Equation 3]
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Bld,~d +yII -1, [Equation 4]
Bld,~d.,| [Equation 5]
Yl -1, [Equation 6]

In Equations 1 through 6, x,, denotes position information
of a pixel u, x,, denotes position information of a pixel v, and
a denotes a parameter for position information. d,, denotes
disparity information of the pixel u, d,, denotes disparity infor-
mation of the pixel v, and 13 denotes a parameter for disparity
information. [,, denotes intensity information of the pixel u, I,
denotes intensity information of the pixel v, and y denotes a
parameter for intensity information.

When the cost of the edge 1615 is higher than a threshold
value, the cost of the edge 1615 may be penalized.

A cost of an edge, for example, an edge 1625, connecting
a “gep” and a “non-gep” may be calculated based on at least
one of intensity information and position information
because a “non-gcp” does not include disparity information.
In this example, the cost of the edge 1625 may be penalized.
For example, the cost of the edge connecting a “gcp” and a
“non-gcp” may be calculated based on Equation 7. Also,
various modifications may be made to a manner of calculating
the cost of the edge connecting a “gep” and a “non-gep”.

YL -L+T [Equation 7]

In Equation 7, T denotes a penalty. A cost of an edge, for
example, an edge 1635, connecting a “non-gcp” and a “non-
gep” may be calculated based on at least one of intensity
information and position information because a “non-gcp”
does not include disparity information. In this example, the
cost of the edge 1635 may be penalized. For example, the cost
of'the edge connecting a “non-gep” and a “non-gcp” may be
calculated based on Equation 7. Also, various modifications
may be made to a manner of calculating the cost of the edge
connecting a “non-gcp” and a “non-gcp”.

Stereo Matching According to Example Embodiments

Hereinafter, descriptions pertaining to a method for stereo
matching using a spanning tree will be provided referring to
FIGS. 17 and 18. As previously described, the method for
stereo matching may refer to a method of matching a pixel in
an image corresponding to a right eye and a pixel in an image
corresponding to a left eye. The method for stereo matching
may be performed based on the image corresponding to the
left eye, or based on the image corresponding to the right eye.
Hereinafter, for ease of description, it is assumed that the
method for stereo matching is performed based on the image
corresponding to the left eye.

Most appropriate candidate disparity information may be
selected from among a plurality of pieces of candidate dis-
parity information {0, . . ., d,,,.} to obtain disparity informa-
tion of a predetermined and/or selected pixel x included in an
image. A data cost corresponding to each candidate disparity
information from among the set of candidate disparity infor-
mation de{0, . . ., d,__ } in the pixel x may be calculated to
select the most appropriate candidate disparity information.

Referring to Bquation 8, a pixel group {x'} includes pixels
of an image corresponding to a right eye that are likely to
match the pixel x of an image corresponding to a left eye.

{x1={r"x"=x-dy'=p,de{0, ... 4,03}

The data cost may be defined by a function that determines
a similarity between the pixel x and the pixel group {x'} as
expressed by Equation 9.

[Equation 8]

DA d:Ap L%, W) [Equation 9]
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In Equation 9, D,(d) denotes a data cost corresponding to
candidate disparity information d in the pixel x. I, denotes
intensity information of a pixel of an image corresponding to
aleft eye, and I, denotes intensity information of a pixel of an
image corresponding to a right eye. W denotes an area to be
set to calculate a feature vector of the pixel x.

For example, the lower D, (d) to be output, the greater a
similarity between a first feature vector determined by inten-
sity information of a pixel (x, y) of Il and the area W neigh-
boring the pixel (x, y) and a second feature vector determined
by intensity information ofa pixel (x-d, y) of Ir and an area W'
neighboring the pixel (x-d, y). The greater a heterogeneity
between the first feature vector and the second feature vector,
the greater Dx(d) to be output.

For example, a data cost for stereo matching may be rep-
resented by Equation 10 and Equation 11.

Dy(d) := gDeoerional 4y 1 kG (d) [Equation 10]

0 ifdxd,

Grax Otherwise

Cd) = { [Equation 11]

In Equations 10 and 11, D (d) denotes a data cost,
D comventional(d) denotes a general data cost calculated based
on intensity information, and G,(d) denotes a data cost for a
“gep”. 1 and K denote parameters to determine weights of
Dvconventional(d) and Gv(d), respectively. dv denotes dis-
parity information pre-provided to a “gcp” pixel v. Gmax
denotes a maximum value of a predetermined and/or selected
data cost.

In an instance of a “gcp” pixel vl, K may be set to be
sufficiently greater than . For example, k may be set to “1”,
and 1 may be set to “0”. When the candidate disparity infor-
mation dis identical to the disparity information pre-provided
to the pixel v1, a data cost may be a minimum value, for
example, “0”. When the candidate disparity information d
differs from the disparity information pre-provided to the
pixel v1, a data cost may be a maximum value, for example,
Gmax.

In an instance of a “non-gcp” pixel v2, L may be set to be
sufficiently greater than k. For example, |1 may be set to “1”,
and x may be set to “0”. A data cost corresponding to the
candidate disparity information d may be calculated using
Dvconventional(d) because disparity information is not pre-
provided to the “non-gep” pixel v2.

An accumulated data cost may be used to enhance a per-
formance of stereo matching. For example, a weighted sum of
data costs of pixels included in a predetermined and/or
selected area may be calculated based on Equation 12 in lieu
otf'based on a single data cost Dx(d) to calculate a data cost of
the pixel v.

Du(d) = Z w(i, ¥)Di(d) [Equation 12]

ieRy

In Equation 12, D (d) denotes an accumulated data cost
corresponding to the candidate disparity information d in the
pixel x. R, denotes a predetermined and/or selected area to
calculate the accumulated data cost of the pixel x, and w(i, X)
denotes a weight of a data cost of a pixel i to be added to
calculate the accumulated data cost of the pixel x. D,(d)
denotes a data cost corresponding to the candidate disparity
information d in the pixel i included in R . D,(d) may be
applied to Equation 10.
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In this example, a coverage of the area R, and the weight
w(X, 1) for the weighted sum may be significant parameters to
determine a performance of the accumulated data cost D,(d).
Referring to Equation 13, a weighted sum of data costs of
pixels that cover an entire image may be calculated using a
spanning tree according to example embodiments.

Ev(d) — Z w(t, v)Dy(d) [Equation 13]

uel

In Equation 13, D,(d) denotes an accumulated data cost
corresponding to the candidate disparity information d in the
pixel v. I denotes a group of pixels that cover an entire image,
and w(u, v) denotes a weight of a data cost of a pixel u to be
added to calculate the accumulated data cost of the pixel v.
D,(d) denotes a data cost corresponding to the candidate
disparity information d in the pixel u included in I. D, (d) may
be applied to Equation 10.

w(u, v) may be a geodesic distance between the pixel uand
the pixel v. For example, w(u, v) may be calculated based on
Equation 14.

wy, v) = [Equation 14]

Z edgestrength
expl -———

Vi

edgestrength
[

vou

Y

In Equation 14,

Z edgestrength

Vi

denotes a value obtained by calculating a sum of costs of
edges present along a path from the pixel v to the pixel u in the
spanning tree. y denotes a parameter for w(u, v).

For example, referring to FIG. 17, w(2, 1) is a sum of costs
of'edges present along a path 1710 from a pixel 2 to a pixel 1.
w(7,1) is a sum of costs of edges present along a path 1720
from apixel 7 to the pixel 1. w(13,1) is a sum of costs of edges
present along a path 1730 from a pixel 13 to the pixel 1.

A value of w(ul, v) may decrease because the higher a
similarity between a pixel ul and the pixel v, the smaller a
sum of costs of edges present along a path from the pixel ul
to the pixel v. Conversely, a value of w(u2, v) may increase
because the lower a similarity between a pixel u2 and the pixel
v, the higher a sum of costs of edges present along a path from
the pixel u2 to the pixel v.

As an example, referring to FIG. 17, w(2, 1) may have a
sufficiently smaller value than w(7, 1). By way of example,
the cost of the edge present along the path 1710 from the pixel
2 to the pixel 1 may be sufficiently lower than the sum of the
costs of the edges present along the path 1720 from the pixel
7 to the pixel 1. An edge connecting a pixel 12 and a pixel 5
exists along the path 1720 from the pixel 7 to the pixel 1
because the edge connecting the pixel 12 and the pixel 5 is an
edge penalized when the spanning tree is generated.

As another example, referring to FIG. 18, w(10, 16) may
have a sufficiently smaller value than w(9, 16). By way of
example, a sum of costs of edges present along a path 1810
from a pixel 10 to a pixel 16 may be sufficiently smaller than
asum of costs of edges present along a path 1820 from a pixel
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9 to the pixel 16. An edge connecting a pixel 5 and a pixel 11
exists along the path 1820 from the pixel 9 to the pixel 16
because the edge connecting the pixel 5 and the pixel 11 is an
edge penalized when the spanning tree is generated.

Referring to Equation 15, when D (0), . . ., D,(d,,.) is
calculated for each of the candidate disparity information
de{0, . . ., d,...}, candidate disparity information d * that
allows an accumulated data cost to be a minimum is deter-
mined to be disparity information of a pixel v.

d; = argmin D,(d) [Equation 15]

O=d=dpax

Up-Sampling According to Example Embodiments

The method for stereo matching using the spanning tree
according to example embodiments may be adopted for a
method for up-sampling. Referring to FIG. 3, when a high
resolution color image and a low resolution depth image are
provided, pixels of the color image corresponding to pixels of
the depth image may be reference pixels that further include
depth information.

A spanning tree that covers a whole of the image 300 may
be generated in the same manner as described in the forego-
ing. Sub-trees may be generated based on the reference pix-
els, and the spanning tree may be generated by connecting
roots of the sub-trees.

Hereinafter, a data cost for up-sampling of the depth image
will be described. For example, a data cost of a “non-gep”
pixel may be set to “0”. A data cost of a “gcp” pixel may be
defined in a form of a histogram as represented by Equations
16 and 17.

D,(d) :=k,G,(d) [Equation 16]

[Equation 17]

_ 2
Gy(d) = exp(— (@-d) ]

2
20;

InEquations 16 and 17, D (d) denotes a data cost ofa “gep”
pixel v, and x, and o, denote parameters for data costs. d,,
denotes depth information pre-provided to the “gcp” pixel v.

D), ..., DJd,,.) for each of the candidate depth
information de{0, . . ., d__} may be calculated based on
Equations 13 and 14. Referring to Equation 18, candidate
depth information d,* that allows an accumulated data cost to
be a maximum is determined to be depth information of a
pixel v.

d; = argmax D,(d) [Equation 18]

O=d=dpax

Referring to FIG. 3, a resolution of the depth image may
increase by a degree of a resolution of the color image based
on the aforementioned method for up-sampling. As used
herein, the method for up-sampling of the depth image may
be referred to as depth map up-sampling.

Generation of Reference Pixel According to Example
Embodiments

FIGS. 19 and 20 illustrate generation of a reference pixel
using a stereo video according to example embodiments. The
reference pixel according to example embodiments may be
extracted from the stereo video.
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The stereo video may include a series of stereo images. The
stereo video may include a first image sequence correspond-
ing to a left eye and a second image sequence corresponding
to a right eye. An optical flow or a feature vector may be
tracked from each of the first image sequence and the second
image sequence. A highly reliable optical flow or a feature
vector may be detected from a result of the tracking. The
optical flow or the feature vector for each of the first image
sequence and the second image sequence may have a corre-
sponding relationship between frames in a time axis direc-
tion.

Referring to FIG. 19, an image 1920 is a stereo image of a
previous frame, and an image 1930 is a stereo image of a
current frame. An image 1910 is an image generated as a
result of stereo matching of the image 1920 in the previous
frame. As used herein, the image 1910 may be referred to as
a disparity map. The disparity map is an image of which
brightness varies based on an intensity of disparity informa-
tion. For example, brightness of a pixel having a small dis-
parity may be set to be dark, and brightness of a pixel having
a large disparity, may be set to be bright.

When it is assumed that stereo matching is performed in a
previous frame, and tracking is performed from the previous
frame to a current frame, reference pixels of the current frame
may be generated. For example, disparity information of a
pixel 1931 included in a left image in the image 1930 of the
current frame may be calculated based on a result of the
tracking and a result of the stereo matching in the previous
frame. In this example, the pixel 1931 may be a reference
pixel.

By way of example, the pixel 1931 included in the left
image of the current frame corresponds to a pixel 1921
included in a left image of the previous frame based onaresult
of tracking of the first image sequence. The pixel 1921
matches a pixel 1922 based on a result of stereo matching in
the previous frame. In this example, a relationship between
the pixel 1921 and the pixel 1922 may be represented by
Equation 19.

x el gt [Equation 19]

In Equation 19, x,”! denotes an x axis coordinate value of

the pixel 1922 or an x axis coordinate value of a pixel 1912 in
a disparity map corresponding to the pixel 1922.x,”" denotes
an x axis coordinate value of the pixel 1921 or an x axis
coordinate value of a pixel 1911 in a disparity map corre-
sponding to the pixel 1921. d,”* denotes disparity informa-
tion of the pixel 1921.

The pixel 1922 included in a right image of the previous
frame corresponds to a pixel 1932 included in a right image of
the current frame based on a result of tracking of the second
image sequence. The pixel 1931 matches the pixel 1932
because the pixel 1931 matches the pixel 1921, the pixel 1921
matches the pixel 1922, and the pixel 1922 matches the pixel
1932. Accordingly, disparity information of the pixel 1931
may be calculated based on Equation 20.

df=x/-x’ [Equation 20]

In Equation 20, d, denotes disparity information of the
pixel 1931, x;/ denotes an x axis coordinate value of the pixel
1931, and x,’ denotes an x axis coordinate value of the pixel
1932. The pixel 1931 may be used as a reference pixel
because the disparity information of the pixel 1931 is calcu-
lated based on Equation 20.

The data cost for stereo matching may be given by Equa-
tions 10 and 11 as described in the preceding. A data cost
Gv(d) of a reference pixel may be referred to as a temporal
prior.
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Referring to FIG. 20, a reference pixel may be generated in
a current frame although a result of tracking an optical flow or
a feature vector is not fully reliable. An image 2020 is a stereo
image of a previous frame, and an image 2030 is a stereo
image of a current frame. An image 2010 is an image gener-
ated as a result of stereo matching of the image 2020 in the
previous frame.

When a result of tracking is not completely reliable
although the tracking is performed from the previous frame to
the current frame, a single pixel in the current frame may
correspond to a plurality of pixels in the previous frame. For
example, a pixel 2031 included in a left image of the current
frame corresponds to a pixel 2021 and a pixel 2022 included
in a left image of the previous frame based on a result of
tracking a first image sequence.

The pixel 2021 matches a pixel 2023, and the pixel 2022
matches a pixel 2024 as a result of stereo matching in the
previous frame. Alternatively, a pixel 2011 in a left disparity
map corresponding to the pixel 2021 matches a pixel 2013 in
a right disparity map, and a pixel 2012 in the left disparity
map corresponding to the pixel 2022 matches a pixel 2014 in
the right disparity map.

The pixel 2023 and the pixel 2024 included in a right image
of the previous frame correspond to a plurality of pixels
included in a right image of the current frame based on a result
of tracking a second image sequence.

As an example, a pixel matching the pixel 2031 may be
determined based on at least one of a reliability of a result of
the tracking of the first image sequence and a reliability of a
result of the tracking of the second image sequence. By way
of example, a most reliable pixel corresponding to the pixel
2031 from among the plurality of pixels in the previous frame
may be selected based on the result of the tracking of the first
image sequence. A reliability of the plurality of pixels corre-
sponding to the pixel 2031 in the previous frame may be
calculated based on a similarity to the pixel 2031. The simi-
larity to the pixel 2031 may be calculated based on position
information and/or intensity information of a pixel. The simi-
larity to the pixel 2031 may be calculated based on a similar-
ity of a patch including the pixel 2031.

When the selected pixel is assumed to be the pixel 2022, the
pixel 2022 may correspond to the pixel 2024 based on a result
of'stereo matching in the previous frame. The pixel 2024 may
correspond to a pixel 2032 and a pixel 2033 in the current
frame. In this example, any one of the pixels may be selected
based on the reliability of the result of the tracking of the
second image sequence. A reliability of the plurality of pixels
of the current frame corresponding to the pixel 2024 may be
calculated based on a similarity to the pixel 2024. The simi-
larity to the pixel 2024 may be calculated based on position
information and/or intensity information of a pixel. The simi-
larity to the pixel 2024 may be calculated based on a similar-
ity of a patch including the pixel 2024.

When the selected pixel is assumed to be the pixel 2033, the
pixel 2031 may match the pixel 2033. In this example, dis-
parity information of the pixel 2031 may be calculated based
ona difference between an x axis coordinate value of the pixel
2031 and an x axis coordinate value of the pixel 2033.

As another example, a function for a data cost may be
determined based on at least one of the reliability of the result
of' the tracking of the first image sequence and the reliability
of'the result of the tracking of the second image sequence. By
way of example, a data cost corresponding to candidate dis-
parity information d in a pixel v in the current frame may be
represented by Equation 21.

G, (d)=g(d;patchsimilarity) [Equation 21]
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In Equation 21, g(d; patchsimilarity) denotes a function in
which the higher the reliability of the result of the tracking of
the first image sequence and the reliability of the result of the
tracking of the second image sequence are, the smaller a value
of the function.

For example, apixel vis assumed to be spaced by a distance
of'the candidate disparity information d from the x axis coor-
dinate value of the pixel v in the right image of the current
frame to calculate disparity information of the pixel v in the
left image of the current frame. The pixel v in the left image
of the current frame may correspond to a pixel v' in the left
image of the previous frame, the pixel v' in the left image of
the previous frame may correspond to a pixel u' in the right
image ofthe previous frame, and the pixel u' in the right image
of the previous frame may correspond to the pixel u in the
right image of the current frame. In this example, the reliabil-
ity of the result of the tracking of the first image sequence
corresponds to a reliability of a corresponding pair (pixel v,
pixel v'), and the reliability of the result of the tracking of the
second image sequence corresponds to a reliability of a cor-
responding pair (pixel u', pixel u).

A data cost for stereo matching may be given by Equations
10 and 21 as described in the preceding. A data cost Gv(d) of
a reference pixel may be referred to as a temporal prior.

This disclosure may, however, be embodied in many dif-
ferent forms of combination and application, and should not
be construed as limited to the example embodiments set forth
herein. For example, when stereo matching with respect to a
first frame of a stereo video is completed, stereo matching of
subsequent frames may be performed in a combination of the
aforementioned example embodiments.

By way of example, reference pixel information of a sec-
ond frame may be generated using stereo matching informa-
tion of the first frame based on the method of generating the
reference pixel according to example embodiments. A span-
ning tree for the second frame may be generated using the
reference pixel information of the second frame based on the
method of generating the spanning tree according to example
embodiments. Stereo matching for the second frame may be
performed using the spanning tree for the second frame based
on the method for stereo matching according to example
embodiments. The aforementioned processes may be applied
to the subsequent frames.

Operation Flowchart Description According to Example
Embodiments

FIGS. 21 through 25 are flowcharts illustrating an opera-
tion according to example embodiments. Referring to FIG.
21, a method of generating a spanning tree according to
example embodiments includes receiving information on ref-
erence pixels for an input image in 2110, and generating a
spanning tree connecting pixels included in the input image
based on the information on the reference pixels in 2120.

Referring to FIG. 22, the generating of the spanning tree in
2120 includes generating sub-trees to allow the reference
pixels to be root nodes in 2121, and connecting the sub-trees
by adjusting edge costs between the sub-trees in 2122.

Referring to FIG. 23, a method for stereo matching accord-
ing to example embodiments includes receiving a first input
image and a second input image for stereo matching in 2310,
obtaining a spanning tree connecting pixels included in the
first input image in 2320, calculating accumulated data costs
corresponding to a plurality of candidate disparities for any
one of the pixels based on data costs of general pixels from
among the pixels, data costs for reference pixels from among
the pixels, and edge costs of edges included in the spanning
tree in 2330, and determining one of the plurality of candidate
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disparities to be a disparity of one of the pixels by comparing
the accumulated data costs in 2340.

Referring to FIG. 24, a method for up-sampling according
to example embodiments includes obtaining a spanning tree
connecting pixels included in an input image in 2410, calcu-
lating accumulated data costs corresponding to a plurality of
candidate depths for any one of the pixels based on data costs
of reference pixels from among the pixels and edge costs of
edges included in the spanning tree in 2420, and determining
one of the plurality of candidate depths to be a depth of one of
the pixels by comparing the accumulated data costs in 2430.

Referring to FIG. 25, a method of generating a reference
pixel according to example embodiments includes tracking a
first image sequence and a second image sequence included
in a stereo video in 2510, and generating reference pixels for
a current frame based on a result of the tracking of the first
image sequence, a result of the tracking of the second image
sequence, and a result of stereo matching in a previous frame
in 2520.

For any descriptions of operations omitted in FIGS. 21
through 25, reference may be made to analogous features
described in FIGS. 1 through 20.

Block Diagram Description According to Example
Embodiments

FIGS. 26 through 29 are block diagrams according to
example embodiments. Referring to FIG. 26, an apparatus
2600 for generating a spanning tree includes a receiver 2610
and a generator 2620. The receiver 2610 may receive infor-
mation on reference pixels for an input image. The generator
2620 may generate a spanning tree connecting pixels
included in the input image based on the information on the
reference pixels. The receiver 2610 and the generator 2620
may be implemented using hardware components, software
components, or a combination thereof. For example, a pro-
cessing device may be implemented using one or more gen-
eral-purpose or special purpose computers, such as, for
example, a processor, a controller and an arithmetic logic unit
(ALU), a digital signal processor, a microcomputer, a field
programmable array (FPA), a programmable logic unit
(PLU), a microprocessor or any other device capable of
responding to and executing instructions in a defined manner.

Referring to FIG. 27, an apparatus 2700 for sterco match-
ing according to example embodiments includes a receiver
2710, an obtainer 2720, a calculator 2730, and a determiner
2740. The receiver 2710 may receive a first input image and a
second input image for stereo matching. The obtainer 2720
may obtain a spanning tree connecting pixels included in the
first input image. The calculator 2730 may calculate accumu-
lated data costs corresponding to a plurality of candidate
disparities for any one of the pixels based on data costs of
general pixels from among the pixels, data costs for reference
pixels from among the pixels, and edge costs of edges
included in the spanning tree. The determiner 2740 may
determine one of the plurality of candidate disparities to be a
disparity of one of the pixels by comparing the accumulated
data costs. The receiver 2710, the obtainer 2720, the calcula-
tor 2730, and the determiner 2740 may be implemented using
hardware components, software components, or a combina-
tion thereof. For example, a processing device may be imple-
mented using one or more general-purpose or special purpose
computers, such as, for example, a processor, a controller and
an arithmetic logic unit (ALU), a digital signal processor, a
microcomputer, a field programmable array (FPA), a pro-
grammable logic unit (PLU), a microprocessor or any other
device capable of responding to and executing instructions in
a defined manner.



US 9,401,022 B2

23

Referring to FIG. 28, an apparatus 2800 for up-sampling
according to example embodiments includes an obtainer
2810, a calculator 2820, and a determiner 2830. The obtainer
2810 may obtain a spanning tree connecting pixels included
in an input image. The calculator 2820 may calculate accu-
mulated data costs corresponding to a plurality of candidate
depths for any one of the pixels based on data costs of refer-
ence pixels from among the pixels and edge costs of edges
included in the spanning tree. The determiner 2830 may
determine one of the plurality of candidate depths to be a
depth of one of' the pixels by comparing the accumulated data
costs. The obtainer 2810, the calculator 2820, and the deter-
miner 2830 may be implemented using hardware compo-
nents, software components, or a combination thereof. For
example, a processing device may be implemented using one
or more general-purpose or special purpose computers, such
as, for example, a processor, a controller and an arithmetic
logic unit (ALU), a digital signal processor, a microcomputer,
afield programmable array (FPA), a programmable logic unit
(PLU), a microprocessor or any other device capable of
responding to and executing instructions in a defined manner.

Referring to FIG. 29, an apparatus 2900 for generating a
reference pixel according to example embodiments includes
a tracker 2910 and a generator 2920. The tracker 2910 may
track a first image sequence and a second image sequence
included in a stereo video. The generator 2920 may generate
reference pixels for a current frame based on a result of the
tracking of the first image sequence, a result of the tracking of
the second image sequence, and a result of stereo matching in
a previous frame. The tracker 2910 and the generator 2920
may be implemented using hardware components, software
components, or a combination thereof. For example, a pro-
cessing device may be implemented using one or more gen-
eral-purpose or special purpose computers, such as, for
example, a processor, a controller and an arithmetic logic unit
(ALU), a digital signal processor, a microcomputer, a field
programmable array (FPA), a programmable logic unit
(PLU), a microprocessor or any other device capable of
responding to and executing instructions in a defined manner.

For any descriptions of modules omitted in FIGS. 26
through 29, reference may be made to analogous features
described in FIGS. 1 through 20.

The units described herein may be implemented using
hardware components, software components, or a combina-
tion thereof. For example, a processing device may be imple-
mented using one or more general-purpose or special purpose
computers, such as, for example, a processor, a controller and
an arithmetic logic unit (ALU), a digital signal processor, a
microcomputer, a field programmable array (FPA), a pro-
grammable logic unit (PLU), a microprocessor or any other
device capable of responding to and executing instructions in
a defined manner. The processing device may run an operat-
ing system (OS) and one or more software applications that
run on the OS. The processing device also may access, store,
manipulate, process, and create data in response to execution
of the software. For purpose of simplicity, the description of
a processing device is used as singular; however, one skilled
in the art will appreciated that a processing device may
include multiple processing elements and multiple types of
processing elements. For example, a processing device may
include multiple processors or a processor and a controller. In
addition, different processing configurations are possible,
such as parallel processors.

The software may include a computer program, a piece of
code, an instruction, or some combination thereof, for inde-
pendently or collectively instructing or configuring the pro-
cessing device to operate as desired. Software and data may
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be embodied permanently or temporarily in any type of
machine, component, physical or virtual equipment, com-
puter storage medium or device, or in a propagated signal
wave capable of providing instructions or data to or being
interpreted by the processing device. The software also may
be distributed over network coupled computer systems so that
the software is stored and executed in a distributed fashion. In
particular, the software and data may be stored by one or more
computer readable recording mediums.

The above-described example embodiments may be
recorded in non-transitory computer-readable media includ-
ing program instructions to implement various operations
embodied by a computer. The media may also include, alone
or in combination with the program instructions, data files,
data structures, and the like. The program instructions
recorded on the media may be those specially designed and
constructed for the purposes of example embodiments, or
they may be of the kind well-known and available to those
having skill in the computer software arts. Examples of non-
transitory computer-readable media include magnetic media
such as hard disks, floppy disks, and magnetic tape; optical
media such as CD ROM discs and DVDs; magneto-optical
media such as optical discs; and hardware devices that are
specially configured to store and perform program instruc-
tions, such as read-only memory (ROM), random access
memory (RAM), flash memory, and the like. The non-transi-
tory computer-readable media may also be a distributed net-
work, so thatthe program instructions are stored and executed
in a distributed fashion. The program instructions may be
executed by one or more processors. The non-transitory com-
puter-readable media may also be embodied in at least one
application specific integrated circuit (ASIC) or Field Pro-
grammable Gate Array (FPGA), which executes (processes
like a processor) program instructions. Examples of program
instructions include both machine code, such as produced by
a compiler, and files containing higher level code that may be
executed by the computer using an interpreter. The above-
described devices may be configured to act as one or more
software modules in order to perform the operations of the
above-described example embodiments, or vice versa.

Although example embodiments have been shown and
described, it would be appreciated by those skilled in the art
that changes may be made in these example embodiments
without departing from the principles and spirit of the disclo-
sure, the scope of which is defined by the claims and their
equivalents. For example, proper results can be achieved
although the described techniques are performed in an order
different from the methods described or, and/or described
system, architecture, device, circuit components such as the
methods described in combination with or in combination
with other types or other components or substituted or
replaced by equivalents. Therefore, other implementations,
other embodiments, and equivalents to appended claims will
be described within the scope of the appended claims.

What is claimed is:

1. A method for stereo matching, the method comprising:

receiving a first input image and a second input image for
stereo matching;

obtaining a spanning tree that connects pixels included in
the first input image;

calculating accumulated data costs corresponding to a plu-
rality of candidate disparities for one of the pixels based
on data costs of general pixels from among the pixels,
data costs of reference pixels from among the pixels, and
edge costs of edges included in the spanning tree; and
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determining one of the plurality of candidate disparities to
be a disparity of the one of the pixels by comparing the
accumulated data costs.

2. The method of claim 1, further comprising:

receiving at least one of disparity information and depth

information associated with the reference pixels.

3. The method of claim 1, further comprising:

receiving at least one of intensity information and position

information associated with the general pixels and the
reference pixels.

4. The method of claim 1, wherein the spanning tree com-
prises:

a plurality of sub-trees,

wherein each of the plurality of sub-trees includes pixels

having a degree of correlation.

5. The method of claim 1, wherein a data cost of at least one
of'the general pixels is based on brightness information of the
general pixel in the first input image and brightness informa-
tion of a pixel spaced by a distance of one of the candidate
disparities from a pixel corresponding to the general pixel in
the second input image.

6. The method of claim 1, wherein a data cost of at least one
of'thereference pixels is based on disparity information of the
reference pixel and a one of the candidate disparities.

7. The method of claim 6, wherein the data cost of the
reference pixel is further based on brightness information of
the reference pixel in the first input image and brightness
information of a pixel spaced by one of the candidate dispari-
ties from a pixel corresponding to the reference pixel in the
second input image.

8. The method of claim 1, wherein an accumulated data
cost corresponding to one of the plurality of candidate dis-
parities is calculated by calculating a weighted sum of data
costs of pixels corresponding to the one of the plurality of
candidate disparities.

9. The method of claim 8, wherein weights of the pixels for
the weighted sum are based on edge costs corresponding to
paths that connect any one pixel and remaining pixels from
among the pixels in the spanning tree.

10. The method of claim 1, wherein the obtaining the
spanning tree comprises:

receiving information associated with the reference pixels

for the first input image; and

generating the spanning tree based on the information.

11. The method of claim 10, wherein the generating the
spanning tree comprises:

generating sub-trees to allow the reference pixels to be root

nodes; and

connecting the sub-trees by adjusting edge costs amongst

the sub-trees.

12. The method of claim 11, wherein the generating the
sub-trees comprises:

determining candidate pixel pairs based on the general

pixels and reference pixels included in the first input
image;
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calculating edge costs of the candidate pixel pairs;

selecting one of the candidate pixel pairs sequentially

based on values of the edge costs; and

determining whether to connect a first pixel and a second

pixel based on a first sub-tree to which the first pixel
included in the selected candidate pixel pair belongs and
a second sub-tree to which the second pixel included in
the selected candidate pixel pair belongs.

13. The method of claim 11, wherein the connecting of the
sub-trees comprises:

determining candidate sub-tree pairs based on the sub-

trees;

calculating edge costs of the candidate sub-tree pairs;

selecting a candidate sub-tree pair sequentially based on

values of the edge costs; and

determining whether to connect a first sub-tree included in

the selected candidate sub-tree pair and a second sub-
tree included in the selected candidate sub-tree pair
based on the first sub-tree and the second sub-tree.

14. A method for up-sampling, the method comprising:

obtaining a spanning tree that connects pixels included in

an input image;

calculating accumulated data costs corresponding to a plu-

rality of candidate depths for one of the pixels based on
data costs of reference pixels from among the pixels and
edge costs of edges included in the spanning tree; and

determining one of the plurality of candidate depths to be a

depth of the one of the pixels by comparing the accumu-
lated data costs.

15. The method of claim 14, further comprising:

receiving depth information, the depth information being

exclusive to the reference pixels.

16. The method of claim 14, wherein the spanning tree
comprises:

a plurality of sub-trees,

wherein each of the plurality of sub-trees includes pixels

having a degree of correlation.

17. The method of claim 14, wherein a data cost of at least
one of the reference pixels is based on depth information of
the reference pixel and one of the candidate depths.

18. The method of claim 14, wherein an accumulated data
cost corresponding to one of the plurality of candidate depths
is calculated by calculating a weighted sum of data costs of
pixels corresponding to the candidate depth.

19. The method of claim 18, wherein weights of the pixels
for the weighted sum are based on edge costs corresponding
to paths that connect any one pixel and remaining pixels from
among the pixels in the spanning tree.

20. A non-transitory computer-readable medium compris-
ing a program configured to instruct a computer to perform
the method of claim 1.
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